Two types of rubidium bismuth niobate, RbBi 2 Nb 5 O 16 and RbBiNb 2 O 7 , were prepared by a conventional solid state reaction method and characterized by X-ray diffraction analysis, UV-vis spectroscopy and SEM. These oxides can absorb up to approximately 420-440 nm wavelength of visible light. The photocatalytic activity of the two niobates in decomposing gaseous acetaldehyde, an indoor pollutant, was evaluated under visible light irradiation. The results indicated that RbBi 2 Nb 5 O 16 showed a higher photocatalytic activity than RbBiNb 2 O 7 , in accordance with their different absorption properties. Moreover, RbBi 2 Nb 5 O 16 deposited with 1 mass%-Pd on the surface exhibited approximately three times better photocatalytic activity than the bare material.
Introduction
Acetaldehyde, a major indoor volatile organic compound (VOC), is regarded as a typical air pollutant in indoor environments. 1, 2) This gas being one of the components of tobacco smoke is reported to cause sick building syndrome (SBS). The photocatalytic oxidation of harmful organic compounds such as acetaldehyde and formaldehyde on a semiconductor photocatalyst is a potential method of removing organic pollutants from air enabling us to have comfortable and safe lives. 3, 4) Photocatalysis utilizes light with an energy larger than the band gap of a photocatalyst to excite electrons to the conduction band and generate holes on the valence band. The holes migrate to the photocatalyst surface where they may react with an adsorbed hydroxyl group to produce strong oxidant, hydroxyl radicals. These holes and hydroxyl radicals can oxidize many types of adsorbed chemical into minerals. The heterogeneous photocatalytic oxidation of acetaldehyde on the most common photocatalyst, TiO 2 , has been investigated to clean air. However, these applications are limited to outdoor uses because TiO 2 being sensitive only to ultraviolet (UV) light cannot work under the irradiation of visible light (400 nm < < 800 nm), which is the main component in indoor illuminations.
Therefore, many research studies have been devoted to developing visible-light-driven photocatalysts. [5] [6] [7] [8] [9] [10] [11] [12] TiO 2 doped with foreign metal ions such as Cr 3þ and V 5þ were previously reported to absorb visible light. 13, 14) However, the activity of the photocatalyst was hardly enhanced, since the sites of doped metals often work as hole-electron recombination centers. Aside from doped photocatalysts, Nb-containing complex oxides such as AgNbO 3 and InNbO 4 have been reported to be promising visible-light-sensitive photocatalysts. 15, 16) was added to the solution, to be adjusted to a pH over 13.
Thereby the color changed from brown to grey, suggesting that Pd 2þ was reduced into Pd ð0Þ . After decantation of this solution, the obtained powder was washed in distilled water repeatedly until the filtrate was free from chloride. To confirm whether the filtrate contained Cl À , AgNO 3 solution was added to the filtrate. The filtrate remained clear, suggesting that it is free from Cl À . The precipitate was subsequently dried for 5 h at 423 K in an oven, resulting in a Pd-deposited RbBi 2 Nb 5 O 16 photocatalyst with a nominal Pd content of 1 mass%. The obtained powder was irradiated with UV light emitted from black-light bulbs for one day to remove organic impurities.
Measurement
The photophysical properties of the photocatalysts were measured by UV-vis diffuse reflectance spectroscopy (UV-2500PC; Shimadzu Corp., Japan). The photocatalytic activities were evaluated from concentrations of CO 2 evolved in the reaction of decomposing acetaldehyde as a function of irradiation time. In this experiment, 4 Â 10 À4 kg of a powder sample was spread uniformly over a 5:7 Â 10 À4 m 2 area on the bottom of a closed cylindrical glass reactor approximately 1:2 Â 10 À2 m 2 in base area and approximately 4:1 Â 10 À2 m in height (0.5 L in volume). Then the dry air-based mixed gas containing approximately 300 vol ppm of acetaldehyde was introduced into the reactor. After an equilibrium adsorption state was established, the reactor was irradiated with visible light ( > 400 nm), which was emitted from a Xe arc lamp through a UV cutoff filter (Y-44; Hoya Corp., Japan) and a water filter for cutting off IR (Infra-Red). The concentrations of acetaldehyde were measured using a gas chromatograph (GC-14B; Shimadzu Corp.) equipped with a FID (flame ionization detector). CO 2 concentrations were measured using a gas chromatograph (GC-14B; Shimadzu) equipped with a FID and a methanizer. The specific surface areas of the samples were measured by the BET (Brunauer-EmmettTeller) method (Gemini 2360, Micrometrics Corp., USA). The morphology was observed using a scanning electron microscope (JSM-6500F, JEOL). Figure 1 shows X-ray diffraction patterns of the prepared samples, RbBi Figure 3 shows the morphologies of RbBi 2 Nb 5 O 16 and RbBiNb 2 O 7 powders observed by SEM. RbBi 2 Nb 5 O 16 was composed of particles in the size range of 0.5-2 mm. As expected from the schematic crystal structure, the morphology of RbBiNb 2 O 7 was layered slabs, which were easily pulverized by grinding in a mortar.
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Figures 4 shows the optical absorption spectra of the prepared samples. Both compounds can absorb visible light up to 420-440 nm. As can be expected from the spectra, the colors were pale yellow. As previously stated, the band structures of Nb-containing oxides with NbO 6 octahedron such as NaNbO 3 are usually composed of Nb 4d orbitals at the conduction band and O 2p orbitals at the valence band. Such a material can hardly absorb visible light. 15 On the other hand, RbBiNb 2 O 7 also exhibited the photocatalytic oxidation of acetaldehyde into CO 2 under visible light irradiation. The photocatalytic activities of the two compounds were compared on the basis of the rate of CO 2 produced. The rate of CO 2 production on RbBi 2 Nb 5 O 16 was found to be faster, although the BET surface area of RbBi 2 Nb 5 O 16 (0:9 Â 10 3 m 2 kg À1 ) was smaller than that of RbBiNb 2 O 7 (1:2 Â 10 3 m 2 kg À1 ). Generally, with an increase in surface area, the amounts of adsorbed organics on the surface increase. This increase enhances the consumption of generated holes and electrons, resulting in a higher photocatalytic activity. 29) One of the reasons for the better photocatalytic activity of RbBi 2 Nb 5 O 16 may be ascribed to its absorption properties of visible light (Fig. 4) . The more the light absorption, the larger the amount of generated holes on the valence bands of photocatalysts and the better the photocatalytic activity.
To improve the activity, Pd was deposited on (Fig. 6) . Even under the dark condition, the amount of CO 2 generated over Pd-RbBi 2 Nb 5 O 16 was also detected, but the rate of CO 2 was less than 1 vol ppmÁh À1 . This result suggested that the activity under visible light irradiation was much better than that in the dark. Because Pd-photocatalyst junction forms an ohmic contact, photo-excited electrons easily migrated to the Pd layer and the electrons were trapped on the Pd layer. As a result, charge separation was promoted, resulting in an increase in photocatalytic activity. 30) The relationship between the photocatalytic activity and the amount of Pd deposited is under investigation and in general, photocatalysts deposited by less than several mass% of transition metal such as Pd, Pt or Ni exhibit a higher photocatalytic activity. Excess amounts of the metal deposited lead to worse activity, because the surface of the semiconductor photocatalyst from the light irradiation is partially shielded by the metal deposited. 31) In addition, the photocatalytic activity depends on several factors of the photocatalysts such as their crystal structure and crystallinity. 18, 32, 33) In the near future, we will try to improve these properties to obtain better photocatalysts. 
Conclusion
